Background Group 3 tumors account for approximately 25-30% of medulloblastomas and have the worst prognosis. UAB30 is a novel synthetic rexinoid shown to have limited toxicities in humans and significant efficacy in the pediatric neuroectodermal tumor, neuroblastoma. We hypothesized that treatment with UAB30 would decrease tumorigenicity in medulloblastoma patient-derived xenografts (PDXs). Methods Three group 3 medulloblastoma PDXs (D341, D384 and D425) were utilized. Cell viability, proliferation, migration and invasion assays were performed after treatment with UAB30 or 13-cis-retinoic acid (RA). Cell cycle analysis was completed using flow cytometry. A flank model, a cerebellar model, and a model of leptomeningeal metastasis using human medulloblastoma PDX cells was used to assess the in vivo effects of UAB30 and RA. Results UAB30 treatment led to cell differentiation and decreased medulloblastoma PDX cell viability, proliferation, migration and invasion and G1 cell cycle arrest in all three PDXs similar to RA. UAB30 and RA treatment of mice bearing medulloblastoma PDX tumors resulted in a significant decrease in tumor growth and metastasis compared to vehicle treated animals. Conclusions UAB30 decreased viability, proliferation, and motility in group 3 medulloblastoma PDX cells and significantly decreased tumor growth in vivo in a fashion similar to RA, suggesting that further investigations into the potential therapeutic application of UAB30 for medulloblastoma are warranted.
Introduction
Medulloblastoma (MB), a primitive neuroectodermal tumor, is the most common malignant brain tumor in children. MB is classified into four molecular subtypes (WNT, Sonic Hedgehog (SHH), group 3, group 4), each with unique biologic and clinical characteristics [1] . Group 3 tumors account for approximately 25% of medulloblastomas and have the worst prognosis of all subtypes [1] [2] [3] . Despite current multimodal treatment with surgery, radiotherapy, and multiple drug chemotherapy, overall mortality remains high for group 3 tumors at approximately 50% [1] [2] [3] [4] , and survivors often suffer from significant post-treatment neurocognitive defects, hormone dysfunction, and hearing loss [5, 6] .
Retinoids are vitamin A-related compounds that induce cell differentiation and cause growth arrest. Retinoids have demonstrated promising anti-tumor effects in numerous human malignancies, including both adult and pediatric brain cancers [7] [8] [9] [10] [11] . Previous studies have demonstrated that 9-cis-retinoic acid (9-cis-RA) decreased medulloblastoma cell growth in vitro and in vivo in a flank tumor model [8, 12] . However, the use of 9-cis-RA and other related retinoids in cancer therapy has been limited in the clinical setting by their toxicities [13] .
9-cis-UAB30 (UAB30) [8-(3′,4′-dihydro-1′(2′H)-naphthalen-1′-ylidene)-3,7-dimethyl-2,4,6-octatrienoic acid] is a synthetic analog of 9-cis-RA that potently and selectively binds the retinoid X receptor (RXR) with limited or antagonistic retinoic acid receptor alpha (RARα) binding activity [14] . This novel rexinoid has minimal toxicity while maintaining the ability to activate genes involved in differentiation and apoptosis [15] [16] [17] . A pilot clinical trial of UAB30 in humans demonstrated a favorable toxicity and pharmacokinetic profile with no significant change in serum triglycerides [18] .
We have previously demonstrated the efficacy of UAB30 in other pediatric solid tumors, including the neuroectodermal tumor, neuroblastoma [19, 20] . This knowledge, combined with effects of other retinoids on medulloblastoma noted by others, has led us to hypothesize that treatment of group 3 medulloblastoma patient-derived xenografts (PDXs) with UAB30 would lead to decreased tumorigenesis in vitro and in vivo. The following studies focused on group 3 tumors, as they afford the greatest treatment challenge to clinicians and these patients have the poorest prognosis with current regimens, and therefore may benefit the most from novel treatment options.
Materials and methods

Patient-derived medulloblastoma xenograft cell lines
Three group 3 medulloblastoma xenografts [21, 22] established from pediatric patients were used for experiments: D341 Med (D341), D384 Med (D384), and D425 Med (D425); kindly provided by Darell D. Bigner, MD, PhD, Duke University Medical Center [23, 24] . The xenografts were maintained through serial passage in athymic nude mice (Envigo, Pratville, AL). Tumors were harvested and cells were dissociated using a Tumor Dissociation Kit (Miltenyi Biotec, San Diego, CA) per manufacturer's protocol. Cells were then washed in Roswell Park Memorial Institute (RPMI) 1640 medium, spun (150 × g × 6 min), and debris removed using a 70 αm cell strainer (Corning Inc., Corning, NY). The cells were maintained under standard culture conditions at 37 °C and 5% CO 2 , in neurobasal (NB) medium (Life Technologies, Carlsbad, CA) supplemented with B-27 supplement without Vitamin A (Life Technologies), N2 supplement (Life Technologies), amphotericin B (250 αg/mL), gentamicin (50 αg/mL), L-glutamine (2 mM), epidermal growth factor (10 ng/mL; Miltenyi Biotec), and fibroblast growth factor (10 ng/mL; Miltenyi Biotec). All three medulloblastoma human PDXs were verified within the last 12 months using short tandem repeat analysis (Heflin Center for Genomic Sciences, UAB, Birmingham, AL).
Antibodies and reagents
13-cis-retinoic acid (13-cis-RA, RA) was purchased from Sigma Aldrich (St. Louis, MO) (R3255 Sigma, CAS Number 4759-48-2). 9-cis-UAB30 (UAB30) was synthesized as previously described [25] . Anti-phospho-AKT (9271), anti-AKT (9272) and anti-p44/42 MAP Kinase [ERK1/2 (9102)] were obtained from Cell Signaling Technology (Danvers, MA). Anti-retinoid X receptor β (MOK13-17, ab2815) and anti-retinoic acid receptor (ab53161) were from Abcam (Abcam, Inc., Cambridge, MA). Mouse monoclonal antic-myc antibody was from Santa Cruz (sc-40, Santa Cruz Biotechnology, Dallas, TX). Mouse monoclonal anti-β-actin was purchased from Sigma (A1978) and mouse monoclonal GAPDH (MAB374, clone 6C5) and rabbit polyclonal anticleaved PARP (ab3565) were from Millipore (EMD Millipore, Billerica, MA).
Western blotting
Briefly, cells were lysed on ice for 30 min in either RIPA buffer consisting of 50 mM Tris-HCl (pH 7.4), 150 mM NaCl, 1 mM EDTA, 1% Triton x-100, 1% sodium deoxcycholate, 0.1% sodium dodecyl sulfate (SDS), phosphatase inhibitor (P5726, Sigma Aldrich), protease inhibitor (P8340, Sigma Aldrich), and phenylmethylsulfonyl fluoride (PMSF, P7626, Sigma Aldrich), or mTOR buffer (for immunoblotting for AKT, phospho-AKT, ERK1/2) consisting of 40 mM HEPES (pH 7.5), 120 mM NaCl, 1 mM EDTA, 10 mM pyrophosphate (P8010, Sigma Aldrich), 10 mM glyceropyrophosphate (G9891, Sigma Aldrich), 50 nM NaF, 1.5 mM Na vanadate, 0.3% CHAPS, protease inhibitors (1:100 dilution, P8340, Sigma Aldrich). The lysates were then centrifuged at 14,000 rpm for 30 min at 4C. After determination of protein concentrations using a Micro BCA™ Protein Assay Kit (Thermo Scientific, Rockford, IL), the proteins were separated by SDS-polyacrylamide gel electrophoresis and transferred to a Immobilon®-P polyvinylidene fluoride (PVDF) transfer membrane (EMD Millipore, Billerica, MA). Precision Plus Protein Kaleidoscope Standards (161-0375, Bio-Rad, Hercules, CA) molecular weight markers were used to confirm expected size of target proteins. Antibodies were used in accordance with the manufacturers' recommended protocols. Samples were visualized by enhanced chemiluminescence (ECL) using Luminata Classico and Luminata Crescendo Western horseradish peroxidase (HPR) substrates (EMD Millipore). Anti-β-actin was used an internal control to ensure equal protein loading between samples.
Cell differentiation
Medulloblastoma cells (1 × 10 3 ) were plated in a 96-well culture plate with neurobasal media and treated with vehicle, 13-cis-RA (RA, 30 αM), or 9-cis-UAB30 (UAB30, 30 αM) for 72 h. Pictures [Photometrics CoolSNAP HQ2 CCD camera (Tucson, AZ) attached to a Nikon Eclipse Ti microscope (Tokyo, Japan)] of the cells were obtained and number of neurite outgrowths per cell were counted using the image software SPOT Basic 5.2 (Diagnostic Instruments Inc., Sterling Heights, MI) and reported as mean neurite outgrowths [26] .
In vitro cell viability, apoptosis and proliferation assays
Cell viability was determined using an alamarBlue® assay at 72 h after treatment with RA or UAB30 at increasing concentrations. The cells (1.5 × 10
3 ) were plated in 96-well culture plates and after 5 days incubation, 10 αL of sterile alamarBlue® dye (Thermo Fisher) was added to each well. After 6 h, the absorbance at 570 and 600 nm (reference) was performed using a microplate reader (Epoch Microplate Spectrophotometer, BioTek Instruments, Winooski, VT). Experiments were completed in triplicate and viability reported as fold change ± SEM. In a separate experiment, D425 cells (1.5 × 10
3 ) were incubated in standard media (bFGF, 10 ng/mL, described above) or media without bFGF added. Cells were treated with RA or UAB 30 for 72 h and viability assessed with alamarBlue® assay.
Apoptosis was evaluated by immunoblotting for cleaved PARP. Cells were treated with RA (0, 30 αM) or UAB30 (0, 30 αM) for D341 and D425 and RA (0, 10 αM) or (0, 10 αM) UAB30 for D384 cells for 72 h and whole cell lysates were obtained. Immunoblotting for cleaved PARP was performed as described above. Increasing presence of cleaved PARP products indicated apoptosis.
Proliferation was assessed using the CellTiter96® Aqueous One Solution Cell Proliferation assay (Promega, Madison, WI). MB cells (5 × 10 3 cells) were plated in 96-well plates and treated with RA or UAB30 in increasing concentrations. After 5 days, 10 αL CellTiter96® dye was added to each well and the absorbance was measured at 490 nm using a microplate reader (Epoch Microplate Spectrophotometer). Experiments were repeated in triplicate and proliferation reported as fold change ± SEM.
In vitro limiting dilution assay
Cells were plated in 96 well plates with decreasing number of cells per well (1000, 100, 50, 20, 10, 1) in conditioned neurobasal media with vehicle, RA, or UAB30. After 5 days, the number of wells containing neurospheres was counted for each concentration. Extreme limiting dilution assay analysis was performed to determine significance using the online software available at http://bioin f.wehi.edu.au/softw are/elda/. Experiments were repeated in triplicate.
Cell cycle analysis
Cells were plated (1.5 × 10 6 cells) and treated with RA or UAB30 (0 αM, 5 αM) for 48 h. Neurospheres were dissociated with accutase, washed with PBS, and fixed in 100% ethanol overnight. The cells underwent a second PBS wash and were stained for 1 h with 200 αL of staining solution consisting of 20 αg/mL propidium iodide (Invitrogen), 0.1% Triton X (Active Motif, Carlsbad, CA) and RNAse A (0.1 mg/mL, Qiagen, Valencia, CA). The samples were analyzed with fluorescence activated cell sorting (FACS) using a FACSCalibur™ Flow Cytometer (BD Biosciences, San Jose, CA). Data were analyzed using the ModFit LT software (Verity Software House Inc., Topsham, ME).
Cell motility assays
Transwell assays for migration and invasion were performed. Micropore culture inserts (8 µm, Transwell®, Corning Inc., Corning, NY) were coated with laminin (10 αg/mL) on the bottom. Cells (1 × 10 6 ) were plated in a 6 well culture plates and treated with RA or UAB30 (0, 10, 30 αM) for 24 h. Treated cells (1.5 × 10 5 ) were plated in the upper well with neurobasal media; 10% fetal bovine serum was added to the lower chamber as a chemoattractant. The cells were allowed to migrate or invade for 24 h. The cells on the top surface were removed from the insert using a cotton swab. The inserts were then fixed in 3% paraformaldehyde and stained with crystal violet. Pictures of the inserts (×7) were taken using the image software SPOT Basic 5.2 (Diagnostic Instruments Inc., Sterling Heights, MI). The cells were then counted using ImageJ software (Ver 1.49, http://image j.nih.gov/ij) [27] . The invasion assay was performed as described above, except the invasion inserts were also coated on the top side with an extracellular matrix (ECM) gel (Matrigel 50 αL, Corning Inc.) for 4 h at 37 °C. Experiments were repeated in triplicate and migration and invasion reported as fold change ± SEM.
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In vivo tumor growth D425 cells (2.5 × 10 6 cells in 25% Matrigel™; Corning Inc.) were injected into the right flank of 6-week-old, female, athymic nude mice (Envigo). After injection, the mice were randomized to receive vehicle-treated, RA-treated (53 mg/ kg/day), or UAB30-treated chow (100 mg/kg/day) (n = 10 mice per group). These dosages were based upon previous in vivo experiments [19, 20, 28] . The flank tumors were measured twice weekly using calipers. Tumor volume was calculated using the formula (width 2 × length)/2, where length was the largest measurement. The mice were treated for 3 weeks and all animals euthanized at that time when the majority of the control tumors had reached IACUC parameters for euthanasia.
Orthotopic tumor growth
D341 cells (5 × 10
5 cells) were injected into the cerebellum of athymic nude mice. Briefly, the mice were anesthetized with ketamine (100 mg/kg) and buprenorphine (0.5 mg/kg) and then fixed into a stereotactic frame. Injections were performed using a 250 µL Hamilton syringe with a 30-gauge needle at a rate of 2.5 µL/min, using stereotactic coordinates 1 mm to the right of midline, 2 mm posterior to the lambdoid suture at a depth of 2 mm below the skull surface.
On the day of injection, the mice were randomized to receive vehicle-treated, UAB30-treated (100 mg/kg/day), or RA-treated (53 mg/kg/day) chow (n = 9 per group). These doses were based upon previous data in the literature [19, 20, 28] . The animals were monitored twice daily for neurologic symptoms and followed for overall survival. They were euthanized once they developed neurologic symptoms (e.g. hemiparesis, lethargy, anorexia) or when Institutional Animal Care and Use Committee (IACUC) criteria for euthanasia were reached. H&E staining was performed to confirm the presence of tumorigenic cells in the cerebellum of the animals.
In vivo disseminated tumor model with bioluminescence imaging
Six-week-old, female, athymic nude mice (Envigo) underwent injection of D341-luc cells (5 × 10 5 in 5 µL methylcellulose), that had been previously infected with lentiviral particles generated from the pGreenFire1 vector (System Biosciences, Palo Alto, CA) to stably express GFP luciferase [29] , into the right lateral ventricle using stereotactic guidance as a model of cerebrospinal fluid (CSF) dissemination [30] . The mice received ketamine (100 mg/kg) and buprenorphine (0.5 mg/kg) for anesthesia. Injections were performed using a 250 µL Hamilton syringe with a 30-gauge needle at 2.5 µL/min; the needle was placed 1 mm to the right and 0.5 mm posterior to the bregma, and 2.3 mm below the skull surface. Beginning on the day of injection, mice were randomized (n = 8 per group) to receive either vehicle-treated, RA-treated (53 mg/kg/day), or UAB30-treated (100 mg/kg/day) chow, as described above. Bioluminescence imaging was performed 1 week following injection, and then again on days 11, 14, 18, and 20. Bioluminescence imaging was performed using the IVIS Lumina Series III Imaging System (Perkin Elmer, Waltham, WA). All mice were euthanized on post-injection day 20 when the majority of the animals had begun to develop neurologic symptoms. Tumor growth was evaluated by quantifying the bioluminescence signals using the integrated fluxes of photons within each area of interest using the Living Images Software Package 3.2 (Xenogen-Perkin Elmer). H&E staining was performed to confirm the presence of tumorigenic cells tracking along the spinal column of the mice.
Immunohistochemistry
Formalin-fixed, paraffin-embedded animal tumor specimens were cut (6 µm sections), baked at 70 °C for 1 h, deparaffinized, rehydrated and steamed. Standard hematoxylin and eosin staining was completed.
Statistical analyses
Experiments were performed at a minimum of triplicate. Data reported are the mean ± standard error of the mean. Data between groups was compared using an analysis of variance or Student's t test as appropriate. Survival curves were generated using SigmaPlot v12.0 (Systat Software Inc., San Jose, CA) and Kaplan-Meier analysis was performed. Log-rank test was used to determine survival significance. Statistical significance was defined as p ≤ 0.05.
Results
Retinoids cause morphologic changes in MB cells
UAB30 selectively binds to the retinoid X receptor (RXR) [17] . Immunoblotting was utilized to detect RXR expression in the MB PDX cells to be studied. Whole cell lysates of D425, D384, and D341 MB PDX cells were examined and it was noted that all 3 PDXs expressed protein for the RXR receptor (Fig. 1a) . Although not necessary for the function of UAB30, RAR is required for RA function. Immunoblotting also showed protein expression of this receptor in all three MD PDXs (Online Resource Fig. 1 ). Retinoids function through cell differentiation [31] . The appearance of neurite outgrowths on neural cells is indicative of cell differentiation [32] [33] [34] . We analyzed MB cells for morphologic changes following treatment with RA (30 αM) and UAB30 (30 αM). After 72 h the control cells remained relatively rounded without significant growth of neurite processes (Fig. 1b,  left panels) . In the MB PDX cell lines treated with RA or UAB30, the cells showed signs of differentiation including the development of elongated cell bodies and neurite outgrowths (Fig. 1b, middle and right panels, black arrows). Neurite outgrowths were quantified and reported in graphic form (Fig. 1c) , and were significantly increased in all three PDXs following treatment.
RA and UAB30 decreased cell viability and proliferation and increased apoptosis
Although primarily known as differentiating agents, retinoids have been shown to decrease viability in some cancer cell lines. Viability was evaluated in MB PDX cells following RA or UAB30 treatment. MB PDX cells were treated with increasing concentrations of RA or UAB30 for 72 h and cell viability assessed. Treatment with both RA and UAB30 resulted in a significant decrease in cell viability in all three PDXs (Fig. 2a) . The D384 PDX was the most sensitive to retinoid therapy (Fig. 2a, middle  panel) . In the D341 cells, viability decreased in a dosedependent fashion with an LD 50 of approximately 30 αM for both RA and UAB30 (Fig. 2a, left panel) . The D425 cells were the least sensitive to retinoid therapy, but viability was still affected significantly with doses as low as 10 αM of both RA and UAB30 (1.0 vs. 0.76, and 1.0 vs. 0.49, p ≤ 0.02, respectively) (Fig. 2a, right panel) .
Apoptosis is one mechanism of cell death. There was a significant increase in the expression of cleaved PARP protein in all three MB PDXs following treatment with , and D341 were examined with immunoblotting to determine RXR expression. All three PDXs had protein for RXR detected. b Human MB PDX cells were treated with RA or UAB30 at 30 µM for 72 h and photographs were obtained. Cells were examined for the presence of neurite outgrowths indicating differentiation. In all cell lines, neurite outgrowths (black arrows) were seen following RA and UAB30 treatment. c Neurite outgrowth from three independent experiments was quantitated and presented in graphic form as mean ± SEM RA or UAB30 (Fig. 2b) . These data suggest that treatment with the retinoids studied led to apoptosis.
Since retinoids are known to cause cells to differentiate and thereby decrease proliferation, the effects of RA and UAB30 on MB PDX proliferation was investigated. RA and UAB30 treatment resulted in diminished proliferation in all three MB PDXs (Fig. 2c) . Similar to the pattern seen with viability, the D384 cells were the most sensitive to RA and UAB30 (Fig. 2c, middle panel) .
RA and UAB30 decreased sphere forming capacity
The ability of cells to form neurospheres in vitro is a hallmark of cell self-renewal [35] . We evaluated the effect of RA and UAB30 on neurosphere formation using an in vitro extreme limiting dilution assay (ELDA) and analysis. The ELDA demonstrated a significant decrease in neurosphere formation in the D341, D384, and D425 PDX cells following treatment with vehicle compared to RA or vehicle compared MB PDX cells were treated with RA or UAB30 30 µM for 72 h and lysates were examined with immunoblotting for PARP cleavage products. There was an increase in cleaved PARP in all cell lines, indicating apoptosis was occurring. c Cell proliferation was detected utilizing CellTiter96® assays. MB PDX cells were treated with increasing concentrations of RA or UAB30 for 5 days. There was a significant decrease in proliferation in all three PDX's with both RA and UAB30. Bars represent mean ± SEM 1 3 to UAB30 (Fig. 3a-c) . There was no difference in neurosphere formation between RA and UAB30 treatment groups in any of the PDX cell lines. This decrease in neurosphere formation indicated a loss of self-renewal or stemness with retinoid treatment.
RA and UAB30 resulted in cell cycle changes
Retinoids have been shown to lead to cell cycle arrest through an increase G0/G1 phase of the cell cycle [36, 37] . After 48 h of treatment of RA (0, 5 αM) or UAB30 (0, 5 αM), MB PDX cells were found to have a lack of progression through the cell cycle with an increased percentage of cells in G1 phase and decreased percentage of cells in S phase. Representative histograms from each PDX have been displayed (Fig. 4a) . The data from all replications have been demonstrated in graphic form (Fig. 4b) and in Table 1 .
RA and UAB30 decreased cell migration and invasion
We have previously demonstrated that UAB30 causes decreased cell migration and invasion in other pediatric solid tumors [19, 20] , prompting us to investigate whether similar phenotypic changes occur in MB PDX cells following RA or UAB30 treatment. Using Transwell™ plates, we noted that both RA and UAB30 significantly decreased cell migration and invasion in all three MB PDXs. Representative photomicrographs of the migration and invasion inserts have been shown (Fig. 5a, b , panels below graphs). Cell counts were obtained from at least three independent experiments using ImageJ Software and the fold change in migration and invasion has been displayed graphically in Fig. 5a , b.
Effects of RA or UAB30 on AKT, ERK, and c-myc
Various pathways have been implicated as the mechanism of action of retinoids. Some authors have postulated that changes in AKT or ERK activation may be responsible for the differentiating effects of retinoids. It has been shown that RA and UAB30 affected both AKT and ERK dependent pathways in neuroblastoma cell lines, another neuroectodermal pediatric tumor [19, 33, 34, 38] . Additionally, Chang and colleagues found that c-myc expression was decreased in DAOY MB cells following treatment with all-trans-retinoic acid (ATRA) [37] . Therefore, we wished to determine if any of these mechanisms came into play with RA or UAB30 in the three MB PDX cell lines under study. MB PDX cells were treated with RA or UAB30 (0, 10, 30, 50 µM) for 48 h and immunoblotting was performed to detect total and phosphorylated AKT, total ERK1/2 and c-myc. There were no consistent changes in total or phosphorylated AKT expression (Fig. 6a) . ERK1/2 was consistently decreased in all three PDX cell lines with RA or UAB30 treatment. We also studied c-myc expression in treated D425 and D384 cell lysates and found a decrease in c-myc protein in both the There was a significant increase in the G1 phase in cells from all three PDXs (*p ≤ 0.05) and a significant decrease in S phase in all three PDXs (*p ≤ 0.05) after treatment, indicating failure to progress through the cell cycle. Experiments were repeated at least in triplicate and reported as mean ± SEM D384 and D425 cells with both RA and UAB30 (Fig. 6 c) . Expression of c-myc was not detected in D341 cell lysates. These findings suggested that the changes seen in differentiation and cellular survival induced by RA or UAB30 likely did not involve AKT pathways, but that changes in ERK and c-myc may contribute to some of the phenotypic changes noted.
MB flank xenografts
Several in vivo models were utilized to evaluate changes in MB growth following retinoid therapy. First, we evaluated flank tumor growth using the D425 cell line, the least sensitive cell line of the three in in vitro studies. This model allowed us to accurately follow change in tumor size over time with tumor volume measurements every 2 days. Following injection of D425 cells (2.5 × 10 6 ) into the right flank of athymic nude mice, animals were randomized to receive vehicle-treated, RA-treated (53 mg/kg/day), or UAB30-treated chow (100 mg/kg/day) (n = 10 mice per group). These doses were based on previous animal studies and have been shown to be well-tolerated in this species [19, 20] . Flank tumors were measured twice per week and animals were euthanized when tumors reached IACUC parameters. Animals treated with UAB30 had significantly smaller tumors than vehicle-treated controls beginning at day 13 of treatment ( Fig. 7a) . Tumors in RA-treated animals were smaller than controls, but only reached statistical significance at 17 days (Fig. 7a ). There were no significant differences in changes in tumor volumes between RA and UAB30 treated animals (Fig. 7a) .
Intracerebellar MB murine model
We further tested the in vivo effects of UAB30 using an orthotopic intracerebellar MB tumor model in athymic nude mice. Following intracerebellar injection with D341 cells (5 × 10 5 cells), the mice were randomized to receive treatment with vehicle-treated, RA-treated (53 mg/kg/day), or UAB30-treated chow (100 mg/kg/day) (n = 9 mice per group). The mice were monitored daily for the development of neurologic symptoms (e.g. hemiparesis, lethargy). Mice were euthanized once they developed neurologic symptoms or met other IACUC criteria. Kaplan-Meier curves were generated and survival was compared using a log-rank analysis. Animals receiving RA and UAB30 had significantly prolonged survival compared to animals receiving control chow (p < 0.02, RA vs. control and p < 0.02, UAB30 vs. control) (Fig. 7b) . The median survival increased from 11.5 days in the control group to 13 days with RA and 13.5 days with UAB30. H&E staining confirmed intracerebellar location of the tumors and that they recapitulated histology seen in human medulloblastoma. Insert in Fig. 7b demonstrates intracerebellar location of the D341 tumor (Fig. 7b, top  panel open arrow) . The bottom insert is a photomicrograph of an H&E stained slide showing infiltrating medulloblastoma tumor cells in the cerebellum (Fig. 7b, bottom panel,  closed arrow) .
Disseminated MB murine model
Since MB has a propensity for leptomeningeal spread via the cerebral spinal fluid, and nearly one-third of MB patients present with evidence of metastatic disease [39] , we next chose to utilize an intraventricular model of MB to evaluate the effects of RA and UAB30 on leptomeningeal metastasis. Following intraventricular injection of D341 human MB PDX cells (5 × 10 5 cells), animals were randomized to receive treatment with vehicle-treated, RAtreated (53 mg/kg/day), or UAB30-treated chow (100 mg/ kg/day) (n = 8 mice per group). The mice were monitored daily for the development of neurologic symptoms (e.g. hemiparesis, lethargy). Mice were euthanized once they developed neurologic symptoms or met other IACUC criteria. Bioluminescence imaging was utilized to follow development of tumors in the brain and spinal canal. Representative bioluminescence images are shown in Fig. 7c . There were marked differences in tumor burden in the brains and spinal canals (Fig. 7c, black arrows) of the animals treated with vehicle alone compared to RA or UAB30 treated animals. There was a statistically significant difference in the brain and spinal canal tumor burden in the animals treated with RA or UAB30 compared to control vehicle-treated animals. There was no significant difference in brain or spinal canal tumor burden between the 72.1 ± 0.9* 12.5 ± 0.2* 15.4 ± 0.9* UAB30 (%) 66.5 ± 1.9* 9.9 ± 1.7* 23.6 ± 0.4 D425 Control (%) 54.5 ± 1.0 34.0 ± 0.8 11.5 ± 0.9 RA (%) 67.1 ± 0.9* 21.3 ± 1.3* 11.5 ± 0.9 UAB30 (%) 69.6 ± 2.2* 20.9 ± 0.8* 9.5 ± 1.5
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RA or UAB30 groups. Data are presented in graphic form in Fig. 7d , e. Animals in the control group consistently lost more weight than those in the treatment groups, likely related to results of increasing tumor burden. There were no statistically significant differences between weights in the animals treated with RA vs. UAB30 (Online Resource  Fig. 2 ). H&E staining confirmed tumor cells were present in the spinal column (Fig. 7f , left panel, black arrows, right panel black arrows).
Discussion
Despite advances in therapy, the outcomes for children with group 3 MB remains poor and long term survivors suffer significant morbidities secondary to treatment [5, 6] . Retinoids induce cell differentiation and are used as standard therapy in other pediatric neuroectodermal tumors such as neuroblastoma [40, 41] . Other groups have also ) were plated in Transwell® culture plates in the upper well with neurobasal media; 10% fetal bovine serum was added to the lower chamber as a chemoattractant. The cells were allowed to migrate for 24 h, then were fixed, stained and counted and migration reported as fold change ± SEM. Migration was significantly inhibited in all three PDXs with 10 µM RA and UAB30. Representative photomicrographs of the 10 αM treated migration plates are provided below the migration graphs. b Invasion was assessed in a similar fashion. Treated cells were plated in Transwell® culture plates with Matrigel™ coating the top side of the insert. Cells were allowed to invade for 24 h, and then fixed, stained and counted. Invasion was reported as fold change ± SEM. Invasion was significantly decreased in all three MB PDXs beginning at 10 µM RA or UAB30. Representative photomicrographs of the 10 αM treated invasion plates are provided below the graphs investigated the role of retinoids for use in MB [8] . In the current study, we have investigated the role of a novel RXR agonist (UAB30), with a vastly improved toxicity profile, in group 3 MB and demonstrated that UAB30 treatment resulted in cell differentiation, decreased tumor motility and decreased tumor proliferation both in vitro and in vivo.
13-cis-retinoic acid (isotretinoin, RA) was chosen as the comparison with UAB30 in this study as RA is the compound currently utilized in the treatment of the pediatric neuroectodermal solid tumor, neuroblastoma [42] . The three MB PDX cell lines had varying sensitivities to RA and UAB30. These results were consistent with findings of other authors. Bai and colleagues investigated six different MB cell lines and found varying retinoid sensitivities among them, but attributed this variance to overexpression of OTX2. Further, they showed that 9-cis-retinoic acid was more effective than 13-cis-retinoic acid in decreasing MB growth [8] . Di and others also showed that OTX2 expression was essential for ATRA-induced apoptosis in MB cells [9] . Since all three of the PDXs used in the current study expressed OTX2 [9] , this explanation does not likely completely account for our findings. Since available therapies for MB result in significant toxicities for long-term survivors, and considering that the side effect profile for UAB30 may be more benign than that of RA [18, 43] , these findings would portend well for the further investigation of UAB30 as a potential agent for MB therapy.
Some researchers have hypothesized that the effects of retinoids are dependent upon the expression of the RARs and RXRs. These receptors are sequence-specific, ligandactivated transcription factors [44] . ATRA and 13-cisretinoic acid activates RARs, UAB30 primarily activates RXRs [15, 19] , and 9-cis-retinoic acid activate both [45] . In the current study, we noted that D384, D341 and D425, express both RAR and RXR receptors. These findings have not been reported previously in D341 and D384, but other investigators have shown similar findings in D425 cells [46] and Hallahan et al. found RAR to be expressed in D341 cells [47] . Proliferation and viability were most affected in D384 cells by UAB30 and these cells had more pronounced expression of RXR expression when compared to D341 and D425 (Fig. 1a) , implying that RXR expression may influence the effects of UAB30 on MBs. However, the expression of RXR does not fully explain the current findings, as D341 and D425 cells were also sensitive to treatment with UAB30, suggesting that there are likely other mechanisms involved in the effects of rexinoids upon cell viability and proliferation. These results are similar to those reported previously in neuroblastoma cell lines, where amount of expression of RXR did not necessarily correlate with phenotypic changes noted in the treated cell lines, and it was only important that the RXR was expressed [19] . Further, Fu and colleagues have shown in MB cell lines that RXR receptors were present in ) were injected into the right flank of athymic nude mice and animals were randomized to receive vehicle-treated, RA-treated (53 mg/kg/day), or UAB30-treated chow (100 mg/kg/day) (n = 10 mice per group). Flank tumors were measured twice per week. Animals treated with UAB30 had significantly smaller tumors than vehicle treated controls beginning at day 13. Tumors in RA treated animals were smaller than controls, but only reached statistical significance at 17 days. There were no significant differences in changes in tumor volumes between RA and UAB30 treated animals. b D341 cells (5 × 10 5 cells) were injected into the cerebellum of nude mice and the animals were randomized to receive treatment with vehicle-treated, RA-treated (53 mg/kg/day), or UAB30-treated chow (100 mg/kg/day) (n = 9 mice per group). The mice were monitored twice daily for the development of neurologic symptoms (e.g. hemiparesis, lethargy). Animals receiving RA and UAB30 had significantly prolonged survival compared to animals receiving control chow. Open arrow in upper insert demonstrates intracerebellar location of the tumor and H&E staining shown in the bottom insert shows infiltrating MB tumor cells in the cerebellum (bottom panel, closed arrow). c Following intraventricular injection of D341 cells (5 × 10 5 cells), animals were randomized to receive treatment with vehicle-treated, RA-treated (53 mg/kg/day), or UAB30-treated chow (100 mg/kg/day) (n = 8 mice per group). The mice were monitored daily for the development of neurologic symptoms twice daily. Bioluminescence imaging was utilized to follow development of tumors and representative bioluminescence images are shown. There are marked differences in tumor burden in the brains and spinal canals (black arrows) of the animals treated with vehicle alone compared to RA or UAB30 treated animals. There was a statistically significant difference in the tumor burden found in the brain and spinal canal between the animals treated with RA or UAB30 compared to control vehicle-treated animals. There was no significant difference in brain or spinal canal tumor burden between the RA or UAB30 groups. d Bioluminescence data for tumor burden in the brain. There were significant decreases in total flux in animals treated with RA or UAB30. There were no differences between RA and UAB30 treated animals. e Bioluminescence data for tumor burden in the spinal canal. There were significant decreases in total flux in animals treated with RA or UAB30 compared to control animals. There were no differences between RA and UAB30 treated animals. f H&E staining confirmed tumor cells were present in the spinal canal (left panel, black arrows, right panel black arrows)
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both retinoic acid sensitive (Med-3) and resistant (UW228-2 and UW228-3) cell lines [48] . In these studies, there were varying degrees of apoptosis with UAB30 treatment depending upon which cell line was being investigated. Although strong increases in PARP cleavage were noted in the D341 and D425 PDX cell lines, it was not seen in the D384 cell line, despite this PDX showing increased sensitivity to RA and UAB30 from the standpoint of viability. When another marker of apoptosis was studied, cleaved caspase 3, apoptosis was evident in the D384 cells (Online Resource Fig. 3 ). These findings are not unique. Celay et al. noted variations in apoptosis in neuroblastoma cell lines that were treated with ATRA that were not only cell line dependent, but also time dependent. In their study, one cell line took up to 9 days of treatment before showing changes in TUNEL assay and another cell line showed no change in TUNEL assay even after 9 days of treatment [49] .
The exact mechanisms involved in UAB30-induced MB cell differentiation are unknown and remain to be elucidated. Evidence exists that RA-induced neuroblastoma cell differentiation is dependent upon AKT activation [32, 33, 38] . Other researchers were not able to demonstrate this finding [19, 50] . In the present study, we did not consistently demonstrate AKT activation following RA or UAB30 treatment. The D341 PDX did show an increase in AKT phosphorylation, but the D425 PDX had decreased AKT phosphorylation following treatment and AKT phosphorylation was unchanged in the D384 cell line (Fig. 6a) . Previous studies have also shown that the ERK pathway may be involved. Cheepala and colleagues showed that ATRA decreased total ERK expression in skin cancer studies [51] . Fenretinide, another retinoid, was found to decrease ERK expression in ONS-76 MB cells [52] . In the current study, total ERK expression was diminished in all three MB PDX cell lines following RA or UAB30 treatment. More in-depth investigations of the mechanisms involved will be the subject of subsequent studies.
Retinoids are known to affect progression through the cell cycle and in the current study we examined the effects of UAB30 and RA on the cell cycle in three MB PDX cell lines. Both UAB30 and RA led to changes in the percentage of cells in the G1 and S phases of the cell cycle in all three PDXs. Previous investigators noted cell cycle arrest in DAOY cells after treatment with ATRA. They did not, however, see G1/S cell cycle arrest in D384 or D283 cells treated with ATRA. Again, the mechanisms responsible for their findings were not clear [37] , but hypothesized that decreased c-myc may be responsible in the DAOY cells. Likewise, we noted decreased c-myc in the D425 and D384 PDX cells with both RA and UAB30 treatment, and did find a lack of progression through the cell cycle in these cells. Clearly, the delineation of these mechanisms will be the subject of intense future research. A flank tumor model was utilized to examine the effects of UAB30 upon the growth of D425 PDX cells. This model was chosen rather than an intracranial model to provide the opportunity to more closely and objectively follow the growth of the tumors over time, as D425 tumors grow exceedingly quickly in the orthotopic position leading to early and rapid demise of the animals. There was a significant decrease in tumor growth in the animals treated with UAB30 compared to controls, but not in the animals treated with RA compared to controls (Fig. 7a) . This finding is not entirely unique. Bai et al. noted that 9-cis-retinoic acid was effective in decreasing D425 flank tumors in mice but not intracranial growth of D425 tumors. They surmised that it was the presence of bFGF in the brain that rendered the 9-cis-retinoic acid ineffective [8] . We examined cell survival following treatment of D425 cells by RA and UAB30 in media with and without the addition of bFGF, and saw no statistically significant difference in cell survival, and cell survival was actually slightly more affected by the compounds when treated in bFGF containing media (Online Resource Fig. 4) .
There has been a recent trial through the Children's Oncology Group (ACNS0332) using isotretinoin (RA) for the treatment of high-risk MB and supratentorial PNET's. At the time of trial inception, there was a lack of understanding of tumor heterogeneity. Subsequent genomic data have revealed that the heterogeneity of the tumors enrolled in the study was so significant that the supratentorial PNET arm closed. Out of 31 non-pineal tumors included in the study, 22 represented tumors that were thought to be supratentorial PNETs but genomics actually revealed that they were highgrade gliomas (18) , ependymomas (2), and atypical teratoid/rhabdoid tumors [ATRT, (2) ]. In addition, the eligibility criteria for MB patients on this study only included tumors with residual disease > 1.5 cm 3 , metastatic disease or diffusely anaplastic disease. By 2012, consensus emerged that there are at least four distinct molecular subgroups of MB that differ in their demographics, transcriptomes, somatic genetic events, and clinical outcomes [53] . More recent data have emerged to indicate that significant molecular heterogeneity exists within the four subgroups [54] . These findings are leading to major changes in risk stratification of MB patients and clinical trial designs have already begun to be altered centered on these changes. Therefore, based on lack of genomic-based eligibility criteria used for ACNS0332, it is not surprising that a futility analysis performed in 2014 concluded that treatment of MB with RA as performed in the context of the study would not lead to a significant survival advantage. Because of the current genetic data, it is possible that RA will provide clinical benefit to patients with a specific molecular subgroup or subgroups of MB. Our study suggests that subgroup 3, which portends the worst prognosis, may benefit from this therapy.
In the current study we demonstrated that group 3 MB cell survival was decreased by a novel RXR agonist, UAB30. UAB30 also led to alterations in the cell phenotype including differentiation, failure of cell cycle progression, and decreased motility. Most importantly, UAB30 and RA treatment resulted in a decrease in tumor growth and increased survival in mice bearing human MB PDX tumors in the flank and in an intracranial location. This study also employed the novel model of intraventricular tumor injection to study leptomeningeal MB spread, and showed significantly decreased tumor burden in the spinal canals of animals treated with RA or UAB30. These findings suggest that UAB30 should be further investigated as a potential therapeutic adjunct for MB treatment.
